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Fe-Ni deposition may be included in the film and increase the
resistivity. One can also notice that a field of 2 kOe does not cor-
respond to the saturation field of our multilayers. Hence a larger
MR ratio can be expected at higher fields.
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ABSTRACT

Porous silicon nanocolumn formation is the result of the merging of nearest-neighbor nanopores. In this paper we describe isolated
submicrometer filaments formed by silicon anodization in HF solutions. The merging of nearest-neighbor pores may result in the formation
of isolated submicrometer silicon filaments. The filament formation is explained by a model which takes into account filament wall layer
passivation by hydrogen atoms. The formation of one isolated wire structure is a consequence of the pore diameter enlargement resulting
from the available area decrease with etching time.

Despite its discovery as late as 1956 by Uhlir,1 the morphology
and structures achievable with silicon anodization have received
detailed consideration only over the last decade.21 The electro-
chemical dissolution of silicon wafers at low current densities in
HF-based solutions can be used to generate an array of extreme-
ly small holes. The shape and size of silicon nanostructures left after
partial electrochemical dissolution has been recently published.

Microstructures in silicon are increasingly being used for the fab-
rication of mechanical and electrical devices. The purposes of this
letter is to draw attention to the self-limiting etching process that
produces silicon submicrometer filament structures. The idea is to
use etching at high current density which results in wide etched
holes. The overlapping of these holes will result in isolated silicon
filaments.

Samples were prepared by etching silicon wafers in an electro-
chemical cell previously described.11 The substrates were n-type,
0.009 tTt cm, <100> oriented silicon slabs. Retangular pieces, 2 x
0.5 cm, were cut from a 2 in. diam wafer before anodization. After
20 mm anodization at a 100 mA current (initial area 1.0 cm2), a
substantial decrease of the slab dimensions is observed (final area
'—0.5 cm2) resulting in curved contour substrates and an increase
in the current density, The constant current was generated by an
EG&G Princeton Applied Research 273A galvanostatlpotentiostat.
The sample edges were gently touched by a 400 mesh transmis-
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sion electron microscopy (TEM) specimen (palladium-coated) grid.
Fragments of the silicon slab tip were transferred to the specimen
grid by capillary adhesion. The grid was then dried and inserted
into the TEM for study within 24 h of the anodic fabrication of the
slab. TEM examinations were carried out in a Zeiss CEM9O2
microscope using 80 keV electrons and equipped with an image
intensifying camera.

Figure 1 shows an electron energy loss spectrum image of a
wedge-etched silicon wafer. The image was formed by the absorp-
tion spectra at 42 eV. Observe that the structure of the pores forms
an array of parallel pipes approximately 3 p.m long. This micro-
graph suggests that silicon of low porosity can be adequately
approximated by an array of noninteracting cylindrical pores of
fixed diameters since the structure is formed by an array of inde-
pendent holes. Percolation corresponding to a porosity p = I4 =
0.785 is schematically represented in Fig. 2. For cylindrical pores,
porosities much greater than p promote substantial merging of the
nearest-neighbor pores and consequently the physical isolation of
silicon columns. The profile of the resulting structure is shown by
the shaded area in Fig. 2.

An isolated etched wire is shown in Fig. 3a. This submicrometer
filament is formed by the central region which is thicker than its
edges and is not transparent to the electron beam, consequently
shown as a dark region.The observed wire cross section shown in
Fig. 3a, is in agreement with the schematic diagram of an isolated
silicon column shown in Fig. 2. The observed filament shape is
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then consistent with the one proposed by the percolation model.
Other submicrometer filaments are shown in Fig. 3b and c.

We believe that the formation of the array of pores shown in Fig. 1
is a consequence of the passivation of the silicon surface during sil-
icon anodization by hydrogen.'23 In order to understand pore for-
mation, it is necessary to deal with the mechanism of the anodic sur-
face dissolution. At the onset of the anodic current, the silicon
surface is all H covered.'4 The field built up across the space-charge
layer moves holes toward the surface at kinks, defects, or tensioned
regions. This induces a nucleophilic attack on the Si-H bonds by F
(or HF;) ions, forming SiF2 groups at these sites and ions (H) in the
solution.The Si-Si back bonds of the SiF2 groups are stretched due
to the fluorine electronegativity allowing the insertion of E (or HF;)
ions. The reaction transfers the SiF2 groups from the surface to the
solutions, and forms two new Si-F bonds which react again as

Fig. 2. Array of cylindrical holes showing a merging of near-
est neighbor pores. Isolated silicon columns have a cross sec-
tion shown by the dashed area.

Fig. 1. Electron energy loss spectroscopy image recorded on
a transmission electron microscope for an absorption spectra
of 42 eV. Pores form an array of parallel --3 p.m long pipes. The
pattern was formed by silicon anodization of <100> n-type sili-
con with current density —180 mNcm2 in 50% HF alcoholic
solution.

Pr

Fig. 3. Isolated etcnea silicon submicrometer filaments. (a, top)
The filament cross section indicated by A is similar to the dashed
area in Fig. 2. (b, center) B indicates a region closer to the sub-
strate then A. (C, bottom) Curved micrometer filament.
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Fig. 4. Current vs. electrode potential curves for illuminated,
0.009 fl cm, n-type<100> oriented silicon samples. The full-line
curves correspond to a silicon surface and the dashed line
curves were obtained after the porous structure formation.
After the first cathodic scan the zero current potential (VR)
shifts gradually to more cathodic values. VR is —420 mV for sil-
icon and —625 mV for the etched structure.

[SiN]SiF2 + 2h* + 2F0 — [SiN_l]SiF2 + (SiF2)301 [1]

The above reaction changes the surface geometry and the elec-
tric field distribution so that the next hole transference will preferen-
tially occur at this location thus enlarging the "pore." The intermedi-
ary product (SiF2)501 reacts rapidly with HF, forming H2 and SiF4.

Figure 4 shows the current vs. voltage curves of an n-type,
0.009 11 cm <100> silicon sample (full line), and after porous
layer formation (dashed line). The process of pore formation
shifts the zero current potential (Vs) to more positive potentials,
increases the anodic reverse current, 'R' and decreases the hydro-
gen evolution reaction (HER) rate (smaller slope of the I vs. V curve
at potentials more negative than VA) as shown in Fig. 4 (dashed line).
The electrochemical potential, VR, corresponds to the H2 oxidation
reaction, which occurs at the Si-H surface bonds covering the elec-
trode surface, as follows13

(Si-H),, + (H2)301 "- (Si-H),7 + 2e, + 2W

This allows the H2 oxidation reaction to inject electrons into sur-
face states and W into the solution resulting in an anodic current of
0.4 mA/cm2 at V = —400 mV, Fig. 4. The apolar characteristic of
the Si-H bond enhances the chemical stability of the Si surface
against attacks by polar molecules like H20, HF, etc. It also decreas-
es the inverse HER rate.

At potentials more positive than VA, a second electrochemical
wave is observed, which corresponds to the silicon dissolution reac-
tion (SDR), where H2 is the reaction subproduct.

A spatially variable corrosion rate distribution, where the H-cov-
ered sites are passivated by the H2 -+ 2W + 2e reaction, which
locally lowers the electrode potential, is responsible for the structure
formation. An increase in the current density results in an increase
in the F-covered sites which correspond to the conducting sites.
Highly conductive silicon substrates facilitate the electron trans-
fer from H-covered sites to the F-covered sites, enhancing the
SiF2 formation.

Porous silicon is formed by an interconnected2'910 skeleton struc-
ture of silicon nanowires. The structure reported in this paper is

formed by isolated submicrometer filaments. Both structures are
generated by the anodization of silicon in HF solutions, the differ-
ence being the etching current density; high current densities favor
the formation of wide pores. However, the description must also
explain why isolated structures are observed instead of an array of
filaments as would be expected when considering pore merging in
the structure observed in Fig. 1. For a rectangular slab 1 cm long and
0.5 cm wide, anodized at a current density of 100 mA/cm2, there is
a substantial decrease of the slab area after 20 mm of anodization.
Consequently, as the etching duration increases, the effective con-
tact area with the electrolyte decreases resulting in a decrease in the
filament diameter with time. The wires are thinner in regions closer
to the substrate than at the top of the surface, as shown in Fig. 3b,
where the initial filament diameter is indicated by A and the final
diameter by B. This observed filament thinning effect is the result of
an imposed total constant current and is responsible for the forma-
tion of single isolated wires since only a few structures will remain
attached to the substrate after a given anodization period. Most of
the wires have such a small diameter close to the substrate that they
will break loose.

In conclusion, submicrometer filament formation in n-type silicon
immersed in hydrofluoric acid under anodic bias is demonstrated
and the resulting structures are characterized. The wire formation is
explained by a model which takes into account hydrogen atoms
which form a passivating sidewall layer.
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